The abundance of quorum quenching (QQ) activity was evaluated in cultivable bacteria obtained from oceanic and estuarine seawater and compared with the frequency of QQ enzyme sequences in the available marine metagenomic collections. The possible role of the high QQ activity found among marine bacteria is discussed.
T he low bacterial population encountered in the open sea and the low chemical stability of N-acyl-homoserine lactones (AHLs) in seawater have led to the suggestion that the AHL-mediated quorum sensing (QS) activity may be concentrated in specific microhabitats in the marine environment (3, 11) and that, therefore, the quorum quenching (QQ) processes would be expected to be less frequent in seawater. The presence of AHLs in marine particulate organic carbon has been recently confirmed, with more than 10% of the particle-associated bacteria being identified as AHL producers (10) . Even higher QS activity values have been found for isolates from subtidal biofilms (31% [12] ) and sponges (20 to 56% [14] ), while a similar value was found for marine snow and microalgal isolates (9.3% [9] ). Moreover, the addition of exogenous AHLs to incubations containing marine organic particles stimulated the activity of some key hydrolytic enzymes, suggesting a role of QS signals in the regulation of the degradation of particulate organic carbon (10) . In a recent work, the importance of QQ processes in marine dense microbial communities was evidenced by the large amount of cultivable marine bacteria active against AHL signals that could be isolated from marine habitats such as sediments, biofilms, and the surface of the alga Fucus vesiculosus (18) . These results indicate that QQ could be a usual strategy adopted in the marine environment to achieve competitive advantages at least in surfaces such as biofilms and eukaryotic niches. As an approximation to evaluate the ecological significance of QQ processes in the marine environment and to elucidate if QQ processes are as abundant in marine seawater pelagic microbial communities as previously described for coastal dense communities (18) , we studied the presence of QQ activity among isolates from estuarine and open-ocean seawater. This activity was compared with the frequency of sequences homologous to known QQ enzymes in the available long-read marine metagenomic collections.
Quorum quenching activity among cultivable bacteria. In order to evaluate if QQ processes are as abundant among cultivable bacteria from marine seawater pelagic microbial communities as previously described for those isolated from marine surfaceassociated communities (18) , 464 marine isolates were obtained from three different seawater samples using different culture media and temperatures and screened for detection of AHL-QQ activity using a bioassay based on Chromobacterium violaceum reporter strains as previously described (18) . One of the samples was obtained from surface water at 10 m from the shore line in an estuary (42°0.33=0.45.32ЉN, 8°0.53=0.08.23ЉW, Spain), and the other two samples were obtained from Atlantic Ocean water (42°0.17=0.07ЉN, 8°0.53=0.27ЉW) at 0-and 10-m depths. The density of cultivable bacteria in oceanic samples was around 1 order of magnitude lower than that in the seawater collected in the estuary, where the maximal number of CFU ml Ϫ1 reached 4 ϫ 10 4 (see Fig.  S1 in the supplemental material). Out of the 464 isolates, 85 were able to interfere with C 6 -and C 10 -HSL, which represents 18% of the strains studied, a percentage comparable to the percentage of QQ activity obtained for dense microbial communities from marine surfaces (14.4% [18] ). As in the previous study (18) , an important effect of the origin of the sample on the percentage of strains with QQ activity was observed: while strains from estuarine water presented a QQ activity of 2%, more than 20% of the strains isolated from oceanic samples were QQ active (28% and 22% for samples from 0-and 10-m depths, respectively; see Table  S1 in the supplemental material).
The enzymatic degradation of AHL detected in the bioassay was confirmed by high-pressure liquid chromatography-mass spectrometry (HPLC-MS) as previously described (18) . A shorter and a longer AHL (C 4 -and C 12 -HSL) were selected in order to check the spectrum of activity. All 85 strains selected as positives in the bioassay could completely eliminate C 12 -HSL, which excludes the production of QS inhibitors by these positive strains. In contrast, only 4 out of the 85 strains tested were able to degrade C 4 -HSL (see Fig. S2 in the supplemental material). Since short-chain AHLs are less stable than long-chain AHLs at high pH (24) , the inability of these 81 strains to inactivate C 4 -HSL confirms the enzymatic nature of the QQ activity. Moreover, the degradation capacity of the 4 strains generating complete degradation of the two AHLs was maintained in crude cell extracts (data not shown) obtained in phosphate-buffered saline (PBS), pH 6.5, as previously described (17) , which rules out the possibility of an inacti-vation of AHLs derived from high pH values in the culture media in these strains.
The acidification of supernatants of the 4 strains capable of degrading C 4 -, C 6 -, C 10 -, and C 12 -HSLs allowed the detection of lactonase activity in isolates 131 and 160, as indicated by the recovery of the AHL concentration after acidification (Fig. 1 ). The 4 strains with wide-spectrum QQ activity were identified by amplification and partial sequencing of the 16S rRNA gene (sequences deposited in GenBank under the accession numbers JQ429320 to JQ429323). All 4 isolates belonged to genera typical of marine environments, and none of them belonged to genera in which isolates had been previously described to have QQ activity (21) . Isolates 131 and 160 belonged to the same species: Salinicola salarius (5) with similarities with the 16S rRNA gene sequence of 98.4% and 99.9%, respectively. The species closest to isolate 138E is Olleya marilimosa (99.9%), while strain 139 would represent a new species close to Maribacter ulvicola (94.7%).
QQ genes in metagenomic collections. Due to the limitations of estimates of enzymatic activity based on cultivable bacteria in marine environments (4), a search for putative QQ enzymes was also carried out in marine metagenomes in order to estimate the frequency of these genes. Only metagenomic collections of long reads (Ͼ400 bp) were used in this study: the microbial seawater metagenomes of the Global Ocean Sampling (GOS) project (19, 22) , samples from the North Pacific subtropical gyre (10-, 70-, 130-, 200-, 500-, 770-, and 4,000-m depths [6, 13] ), three samples from whale carcasses (20) , and two from an Antarctic marine bacterioplankton community (8) . The Waseca County Farm Soil Metagenome (20) was also included for comparison with terrestrial habitats. Environmental metagenomic reads were blasted (BLASTX) against the set of the problem proteins, which included the QQ enzymes lactonase (172 sequences) and acylase (42 sequences) with experimentally proved activity (sequences used in the searches are included in the supplemental material).
The search carried out in the GOS metagenome collection (19, 22) yielded a total of 958 hits: 218 lactonases and 740 acylases.
Among the lactonases, 97% of them presented the ␤-lactamase or the phosphotriesterase (PTE) domain, characteristic of these QQ enzymes. No clear pattern of distribution was found among the different locations of the GOS metagenome collection (Fig. 2) . The normalized relative frequency of these genes, calculated as the number of hits obtained divided by the number of Mbp used, for the whole GOS collection was 0.053 hits Mbp Ϫ1 , while the same search carried out in the other marine metagenomic collections revealed much higher frequencies, especially in the Antarctic metagenome (8) , with a total frequency of 0.435 hits Mbp Ϫ1 (Fig. 2) . For comparison of sequence abundances, the same search was carried out with different protein sequences related to nutrient acquisition and oxidative metabolism in marine bacteria (15) , revealing that the frequency of QQ sequences in these collections is in general higher than the frequency of extremely common oxidative enzymes characteristic of proteobacteria, such as DmdA (15) , and even approaches the frequency of the ubiquitous ammonium transporter gene amT (Fig. 3) . Therefore, as for cultivable bacteria, the frequency of QQ genes in marine metagenomes indicates that AHL degradation is an important process in the sea. The search in a farm soil metagenome revealed a high prevalence of this activity in the soil genomes as well. This is supported by the results of Wang and Leadbetter (23) , who observed a rapid AHL degradation in natural samples of soils.
As for cultivable bacteria, the data derived from metagenomic searches should be taken with caution since diverse constraints inherent to this type of search may affect the results. It has been shown for several enzymatic families that even a high level of similarity did not ensure the conservation of the function across a protein family. This was the case for the PTE family to which the lactonase QsdA from Rhodococcus erythropolis belongs, as qsdA homologues from other bacteria do not allow for the degradation of AHLs (1). On the other hand, in order to minimize the number of false-positive sequences retrieved, a high similarity threshold was set in the search (50% similarity in 70% of the sequence). This high selective criterion may have excluded some of the active se- quences, since many known QQ sequences do not fit those similarity boundaries. Nevertheless, and even taking into account the limitations of the methodologies applied, both cultivable bacteria and metagenomic data seem to indicate that the capacity for AHL degradation is not a negligible activity in the sea.
The high abundance of marine cultivable bacteria with QQ activity found and the high frequency of QQ genes in marine metagenomes contrast with the low bacterial population encountered in the open sea and the low chemical stability of AHLs in seawater (3, 11) . This discrepancy could indicate that the wide variety of degradative enzymatic strategies in the sea includes promiscuous enzymes able to use AHL QS signals as an additional energy source, instead of a more dedicated role of AHL degradation enzymes in the interference with bacterial communication processes. The frequency of QQ genes of marine metagenomes, being higher than or comparable to that obtained for genes related to nutrient acquisition and oxidative metabolism in marine bacteria ( Fig. 3) , seems to support this hypothesis. Moreover, two of the isolates with wide-spectrum degradation activity against AHLs (O. marilimosa 138E and strain 139, close to M. ulvicola) belonged to the Bacteroidetes, a group that harbors a great variety of enzymes related to the mineralization of high-molecular-weight organic matter and constitutes the main degraders of organic matter in the bacterioplankton (2) . Therefore, we cannot disregard the possibility that this high AHL degradation activity is not solely related to the interference with QS systems, since some QQ enzymes show homology to enzymes showing other metabolic activities (7, 16) , which opens the possibility that the capacity for degradation of AHLs is only one of the functions of these enzymes in the sea. Further studies exploring AHL degradation activities in situ by marine samples and the capacity of QQ enzymes to degrade other molecules with structures similar to AHLs would be helpful in clarifying the environmental relevance of QQ activities.
Nucleotide sequence accession numbers. The sequences of the 4 strains with wide-spectrum QQ activity identified by amplification and partial sequencing of the 16S rRNA gene were deposited in GenBank under the accession numbers JQ429320 to JQ429323.
